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We explore non-equilibrium effects on the growth of microdomain structures in block polymer solutions 
with a neutrally good solvent. The growth of microdomain structures induced by increasing segregation 
power with increase of polymer concentration $p is hindered by morphology-dependent non-equilibrium 
effects. For spherical microdomains with discontinuous interfaces, the effects set in when the change in 
number of block chains per domain cannot follow the change of ~bp. For other types of microdomains with 
continuous interfaces, such as cylindrical, bicontinuous and lamellar microdomains, the effects set in when 
the average separation of chemical junctions of block polymer chains along the interface cannot follow 
the change of q~p. The effects for spheres are primarily caused by 'suppressed mutual diffusivity' of the 
block chains from one sphere to others with increasing ~bp. The effects for other morphologies are caused 
by 'grain-boundary effects' discussed in the text and/or vitrification of one type of domain. In the case 
when changes of the states of the system are sufficiently slow, vitrification becomes the primary cause of 
the non-equilibrium phenomena, regardless of the morphology of the solution. 

(Keywords: Mock polymer; microdomain; non-equilibrium effects; vitrification, grain boundary) 

INTRODUCTION 

In this series of papers we explore order-disorder 
transitions and microdomains as self-assembling mech- 
anisms and structures of block polymer solutions 1-5. In 
the ordered state, block polymer solutions were found 
to form various microdomains, such as spherical 1'2'5, 
cylindrical and lamellar microdomains 3-5, with long- 
range spatial order. The domain size and interdomain 
distance D were explored as functions of molecular weight 
and composition f of the block polymers as well as of 
temperature T and polymer volume fraction ~bp in the 
solution~-L 

It was found s that spherical domains with discon- 
tinuous interfaces are very far from thermal equilibrium, 
while cylindrical and lamellar microdomains with essen- 
tially continuous interfaces are very close to thermal 
equilibrium. 

For morphologies with continuous interfaces, thermal 
equilibrium was found to be attained at relatively low 
~bp and high T ('equilibrium regime') but not at higher 
~p and lower T ('non-equilibrium regime'). In this paper 
we will investigate possible sources giving rise to non- 
equilibrium effects, such as (i) vitrification of one type of 
domain with higher glass transition temperature Tg, (ii) 
the effect of grain-boundary relaxation for the morphology 
of continuous interfaces and (iii) the effect of suppressed 
mutual diffusivity, especially important for spherical 
microdomains with discontinuous interfaces. 
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EXPERIMENTAL METHODS 

Samples 
Diblock polymers of poly(styrene-b-isoprene) (SI) were 

prepared by sequential living anionic polymerization. 
Table 1 summarizes the characteristics of the samples 
used in this study. Number-average molecular weight M~ 
was characterized by membrane osmometry, Mw/M, by 
size exclusion chromatography, composition by elemental 
analysis, and morphology in bulk by transmission 
electron microscopy on ultrathin sections of the as-cast 
films stained by osmium tetraoxide. Toluene is used as 
the casting solvent. 

Small-angle X-ray scattering 
Microdomain structures in solutions were investigated 

as a function of ~bp by in situ small-angle X-ray scattering 
(SAXS), as reported and discussed previously a. 

Differential scanning calorimetry 
Glass transition temperatures of toluene solutions of 

homopolystyrene (HK-11) and a particular SI (HY-10) 
were measured as a function of ~bp by d.s.c. (Perkin-Elmer, 
DSC-2C). Toluene solutions with given ~bp values were 
first prepared and subsequently enclosed in pans for 
the d.s.e, measurements. A small amount of toluene 
evaporated during the d.s.c, experiments, which caused 
an increase of polymer concentration by about 2% on 
average. The change of concentration was measured by 
weighing the empty pan and the pan containing a given 
solution before and after the measurement. 



Ordered structure in block polymer solutions• 6: K. Mori et al. 

Table 1 Sample characteristics 

PS/PI 
Specimen M. x 10 -4 (wt%/wt%) Mw/M. Morphology in bulk 

L-8 9.4 50/50 - Alternating lamellae 

HS-10 8.1 63/37 1.13 Alternating lamellae 

C-1 8.6 33/67 - PS cylinders in a PI matrix 

HY-10 16.4 69/31 1.17 'Tetrapod' network 

S-4 22.0 85/15 - PI spheres in a PS matrix 

HK-I1 8.7 100/0 - 

EXPERIMENTAL RESULTS 

SAXS results 
SAXS profiles for toluene solutions of the block 

polymers Were measured in situ as a function of concen- 
trations at room temperature a. 

The solutions of the block polymers L-8 and HS-10 
showed SAXS profiles 3'4 relevant to alternating lamellar 
microdomains, i.e. multiple-order scattering maxima at 
peak positions that were integer multiples of the first- 
order peak position. It should be noted here that some 
of the higher-order maxima may be suppressed relative 
to others depending on the volume fraction of one type 
of lamella. From the peak position we can determine the 
interdomain distance (or lamellar identity period) D with 
high accuracy. Typical SAXS profiles will be found in 
our previous papers 3,4. 

The solutions of block polymers C-1 and HY-10 
showed SAXS profiles relevant to cylindrical micro- 
domains with long-range spatial order, i.e. with two- 
dimensional hexagonal arrays. The profiles exhibited 
multiple-order scattering maxima (shown by thin arrows) 
at peak positions of 1 and x/~ relative to the first-order 
peak, as well as broad maxima (shown by thick arrows) 
arising from isolated cylinders (see Figure 1). Although 
HY-10 in bulk showed the bicontinuous tetrapod- 
network structure 6 equivalent to the double diamond 
lattice 7, its SAXS profile was shown to be almost identical 
to that for hexagonally packed cylinders. This was 
interpreted as a consequence of the extra peaks 7, which 
may appear at peak positions of x / ~  and x/~ between 
1 and x/~ relative to the first-order peak, not being 
resolvable because they are so closely spaced for this 
particular specimen. The solutions of HY-10 also show 
SAXS profiles relevant to cylindrical domains with 
long-range spatial order. From the peak positions arising 
from interdomain interference, one can determine the 
intercylinder distance D with high accuracy: 

o= o, (1) 
where D, is the Bragg spacing as measured from the 
first-order scattering maximum: 

2D~ sin0hk0 = (h 2 + hk + k 2)1/22, (h, k = integers) (2) 

Here 20hkO are the scattering maxima and 2 is the X-ray 
wavelength. 

The block polymer solutions S-4 show spherical 
microdomains with long-range spatial order and multiple- 
order scattering maxima at positions 1 :x/~:V/3, etc., and 
broad scattering maxima arising from isolated spheres 5. 
From the scattering maxima arising from intersphere 
interference, one can estimate the Bragg spacing D~, and 

from the maxima arising from isolated spheres, one can 
estimate the average radius of the spheres Rs (ref. 5). 

Figure 2 shows the interdomain distances D for 
lamellar microdomains (L-8 and HS-10) and for cylin- 
drical microdomains (C-1 and HY-10) as functions of (~p. 
The figure also includes the vertical shaded zone where 
vitrification of the PS microdomains takes place, as will 
be discussed later. Figure 3 shows the change of D, and 
R, for spherical microdomains of S-4 as a function of ~bp. 

It is clearly seen that D in Figure 2 scales with ~bp: 

D'~thl/3-rp for (~p<t~Tg (3) 

where the system attains thermal equilibrium at a given 
timescale of observation, and q~T is the vitrification 

• . g . . 

concentration ~bp at which the glass transition temperature 
of PS microdomains reaches room temperature, i.e. 
ambient temperature for microdomain formation. The 
deviation from the straight line in the double-logarithmic 
plot (equation (3)) occurs at ~bp ~> ~r,  and is believed to 
reflect the non-equilibrium effects on domain growth, as 
will be discussed later. The growth of the domains with 
increasing ~bp in the equilibrium regime is a consequence 
of increasing segregation power with tpp (refs. 3, 4). Here 
the segregation effect much outweighs the effect of 
decreasing chain dimensions due to decreased chain 
expansion coefficient with increasing q~p. The latter effect, 
of course, tends to decrease D in order to satisfy the 
incompressibility requirement 3'4. For some polymers, 
e.g. L-8 and HY-10, the non-equilibrium effect seems to 
set in earlier than the non-equilibrium effect involved by 
vitrification, viz. at ~bp lower than ~bT,, a possible 
interpretation of which will be given later. 

In contrast to lamellar and cylindrical domains, 
spherical domains are observed to encounter the non- 
equilibrium effect at ~bp much lower than ~T,, i.e. 
qL<<~b T , as seen in Figure 3. The broken line f6r D,, 
given b~ equation (3), indicates the expected concentration 
dependence of D s when spherical domains can achieve 
thermal equilibrium. The chain lines for D~ and R~, which 
are given by: 

D~, R~ "-~ ff~ 1/3 (4) 

indicate the concentration dependences of D s and R~ for 
the non-equilibrium system where the number of block 
chains N s per single spherical domain is fixed during the 
solvent evaporation process. The experimental results on 
D, and R, closely follow the trends expected for the 
non-equilibrium process, starting at relatively low ~p, i.e. 
at  ~p>q~f- - -0 .3  for S-4/toluene. The fact t h a t  ~bf<<q~Tg 
will be discussed later. 

D.s.c. results 
One can think of vitrification of microdomains with 
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Figure 2 Concentration dependence of domain identity period for 
lamellar microdomains (L-8 and HS-10) and interdomain distance for 
cylindrical microdomains (C-1 and HY-10). The vertical shaded zone 
is the vitrification concentration ~br. at which the glass transition 
temperature of polystyrene-rich domains becomes room temperature 
(ambient temperature). Toluene was used as a commonly good solvent 
for both polystyrene and polyisoprene 

higher glass transition temperature Tg as a possible cause 
of non-equilibrium effects. From this viewpoint, we 
measured Tg as a function of ~bp for the block polymer 
HY-10 and homopolystyrene HK-11. 

Figures 4 and 5 represent the d.s.c, thermograms 
obtained during cooling cycles at a rate of 5 K min- 1 for 
HK-11 and HY-10, respectively, at various polymer 
concentrations, as indicated in the figures. The glass 
transition for each solution was assessed at the midpoint 
where the characteristic change in the thermogram occurs 
as shown by the arrows. All the solutions studied in 
Figure 5 (HY-10 solutions) have microdomains com- 
prising PS-rich solution and PI-rich solution and hence 
should have two Tg values corresponding to each 
microphase. However, we studied here only the higher 
Tg, i.e. the T s for the polystyrene-rich microphase. 

The T s values thus estimated as a function of ~bp are 
summarized in Figure 6, where parts (a) and (b) show 
the results for HY-10 and HK-11, respectively. The error 
bars indicate the change of ~bp before and after the d.s.c. 
measurements. The results indicate that the vitrification 
concentration q~r, is 0.7 for HY-10 and 0.75 for HK-11. 
It is not well understood at present why ~br for HY-10 
is lower than ~brs for HK-11. We expect thagt mixing of 

a small amount of polyisoprene block in the polystyrene 
microdomains tends to lower T. and hence increase ~b r 

g 

of the polystyrene domains. Thus mixing caused by the 
suppressed segregation power due to the solvent is 
expected to cause q~rs for HY-10 to be slightly higher 
than J r  for HK-11, which is in contrast to the 

• S 

experimental results. The experimental results may be 
interpreted as an effect of molecular weight coupled 
together with that of local concentration fluctuations of 
polymer on Tg. 

If Tg is assessed as the temperature at which a new 
baseline is established in the d.s.c, thermogram after 
completion of the transition, i.e. the lower temperature 
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Figure 4 D.s.c. thermograrns for toluene solutions of HK-11 (homo- 
polystyrene) at indicated polymer concentrations. The thermograms 
were obtained during cooling cycles at a rate of 5 K min-  1 
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Figure 6 Concentration dependence of glass transition temperature 
of (a) polystyrene-rich microdomains of HY-10 (SI block polymer) and 
(b) HK-11 (homopolystyrene) 

indicated by point A in Figure 5 rather than the midpoint 
shown by the arrow, the Tg values are lower than the T s 
values shown in Figure 6 by ~ 10°C, and ~br becomes 
higher than ~b r estimated from Figure 6 ~y ~0.05. 
Consequently w~ determined ~br~ for the block polymer 
solutions studied here as: 

q~r =0.70 to 0.75 (5) 

for further discussions on the non-equilibrium effect 
caused by vitrification. This concentration range corre- 
sponds to the width of the vertical shaded zone in Figures 
2 and 8. 

DISCUSSION 

Equilibrium and non-equilibrium regimes 
From simple volumetric considerations, one obtains 

the following relationships: 

D = 2(v A + VB)N/S (6) 

for the interdomain distance of lamellae; 

Re, A = 2rANIS (7) 

for the radius Ro,A of an A cylinder; and 

Rs,A = 3 VAN/S (8) 

for the radius R,,A of an A sphere. Here vx is the volume 
occupied by the single K-block polymer chain (K = A or 
B), and N/S is the number density of chemical junctions, 
i.e. the number of block polymer chains per unit 
interfacial area. It is obvious that: 

VA, VB ~ ~bp t (9) 

for the neutral solvent. The domain size in the equi- 
librium regime follows the scaling law established experi- 
mentally3,4: 

D, Re,A, Rs, A '~ d) 1/3 (i0) "r'p 

as Rc,A~D and Rs, A,~D s. Here it should be noted that 
the scaling law for spherical microdomains suffers from 
greater uncertainty than those for lamellar and cylindrical 
microdomains, because of the dominant non-equilibrium 
effect. However, we assume that the scaling law for 
spherical domains is the same as those for lamellar and 
cylindrical domains. From equations (9) and (I0) it 
follows that: 

N/S ~ i~ 413 (11) 
" r p  

and 
N.~O  (12) 

for the equilibrium regime, where N, is the number of 
block chains per single spherical microdomain. 

Thus domain growth driven by the increasing segre- 
gation power involves an increase of N/S or N,, i.e. an 
increase of the interfacial density of the chemical junctions. 
This increase of N/S is accompanied by a decrease of the 
average distance a between nearest-neighbour junctions 
from al to a2 and by a stretching of A- and B-block 
chains so that their end-to-end distance in the direction 
normal to the interface R increases from R1 to R 2, as 
shown in Figure 73'4,8 . The latter chain stretching is 
necessary to satisfy the demand of incompressibility and 
causes growth of the domain dimensions D, Re, A and 
Rs,A3,4.8. The increase of N/S for spherical microdomains 
inevitably involves an increase of N,. 

The reduction of a from ax to a2 and the increase of 
R from R1 to R2 with increasing ~bp cause a loss of 
conformational entropy as well as a loss of placement 
entropy, i.e. entropy associated with placing the junctions 
in the interfacial region, the latter entropy loss being 
encountered because of the reduction of surface-to- 
volume ratio S/V of the domains. If this penalty of 
entropy loss is overcome by the reduction of interfacial 
energy caused by a decrease of S/V, then domain growth 
takes place. 

If the changes of a and end-to-end distance of polymer 
coils (hence the change of N/S for lamellar and cylindrical 
domains and of Ns for spherical microdomains) occur 
within the timescale of experimental observations, the 
systems can attain thermal equilibrium. If not, the 
systems cannot attain thermal equilibrium. 

Non-equilibrium process for systems with 
continuous interfaces 

The concentration dependences of N/S are analysed for 
the lamellar and cylindrical domain systems in Figure 8. 

2372 POLYMER, 1990, Vol 31, December 



Ordered structure in block polymer solutions. 6." K. Mori et al. 

, domo,n  
x 

B domain 

{ "-N~" -; 

o 

I 

I 

I 

b J 
r q 

01 

increasing 

RI ""-" ",: '  ' R2 
,'~ ", ""L' 

H 
O 2 

Figure 7 Fundamental molecular processes involved by increasing polymer concentration Op. Increasing segregation power 
between PS and PI caused by increasing ~bp results in stretching of block chains normal to the interface from R~ to Re and 
contraction of average interfacial area occupied by a junction point of SI block polymer from a~ to a~ 

- 1 . 0  

- I . 5  

E - I .0  
t -  

..-C 

0 3  

z 

- I . 5  
0 

__1 -) .0 

t~p 

0.2 0.5 
I 

Slope = 4 / 3  
N / S  ~ ~ p 4 / 3  

1.0 

L-8 o / °  
o /  

oJ i 
oY 

C-l 

- I .5  l HYo o  
- I . 5  ' ' ~ ' ' ' J 

- 0 . 5  

Log @0 

I 
0 .0  

- 0.2 

0.1 

i 
.05 
.2 

t 
.2 03 

0.1 

.05 
3.2 

O.I 

0.05 

Figure 8 Change of interfacial density of the chemical junctions N/S 
with polymer concentrations ~p for lamellar (L-8 and HS-10) and 
cylindrical microdomains (C-1 and HY-10). Straight lines show the 
change of N/S according to the scaling law N/S ~ dp4p/a relevant to the 
equilibrium regime. The deviation of the data points (open circles) from 
the straight line is due to the non-equilibrium effect 

For  lamellar domains N/S  is determined by9: 

DC N A/2M 
N/S  = 

wC + ( 1  - C)/ds 

with 

(13) 

W : Wi~/di~-~-(I - -  Wi~)/dpi 

where D is lamdlar identity period (equal to the sum of 
PS and PI lamdlar thicknesses); WK is the weight fraction 
of K-block chain (K = PS or PI); dK and ds are the mass 
densities of K polymer and solvent, respectivdy; C is the 
weight fraction of polymer in solution, which is related 
to ~p via: 

wC 
~ p -  (14) 

wC + ( 1  - C)/ds 

M is the total molecular weight of the block polymer; 
and N n is Avogadro's number. For  cylindrical domains 
N/S  is determined by9: 

N/S = (x/~/2n)t/2DCNA/2M (15) 
[wC + (1 - C)/ds] [(Wvs/dps)/W] 1/2 

It is seen in Figure 8 that the concentration dependences 
of N/S  follow the scaling law relevant to systems in 
thermal equilibrium and given by equation (11) at 
~ b . < ~ r .  However, at q ~ - > ~ r ,  N/S  values are smaller 

v g . ~ g . . . 

than those predicted by the scaling law, implying that 
the densification of the chemical junctions at the interface 
with increasing ~bp is suppressed by the non-equilibrium 
effect, as discussed above. The deviation from the scaling 
law becomes remarkable at ~p > ~ r  s, indicating that the 
vitrification of one kind of microdomain is an important 
source of the non-equilibrium effects. However, one 
should note here the following two points: (i) even at 
~p > ~r , ,  i.e. even after the domain having higher T~ has 
attained vitrification, N/S  still tends to increase with ~bp; 
and (ii) for some block polymers, e.g. L-8 and HY-10, 
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Figure 9 Grain-boundary relaxation as a possible non-equilibrium effect for lumellar and cylindrical microdomains. When 
segregation power increases, the grains expand and contract parallel to n a n d / ,  respectively. This process must  involve 
cooperative deformation of the grains with characteristic relaxation time z=,. If the timescale of observation is shorter than 
zs,  the non-equilibrium effect on domain growth sets in even below the vitrification concentration ~br= or above the 
vitrification temperature T s 

the deviation from the scaling law and therefore the 
suppression of the densification of the chemical junctions 
at the interface occur at ~b.<~br (see also Figure 2). v [ 

The observation specified in point (i) may happen 
because the timescale of the observations that allow us 
to determine N/S is extremely long, so that N/S can 
change even in the glassy state. This is a unique physical 
ageing effect in microdomain systems. It may happen 
also because the timescale of the observations on Tg is 
relatively short• If the cooling rate in the d.s.c, measure- 
ments is lowered, the measured T s will be lowered and 
hence ~bT becomes higher. Point (ii) implies that the 

• I[ . . . . .  
non-eqmhbrlum effect may set in before the vltnficaUon 
of one type of microdomain, even in the long timescale 
of the observations for N/S, and that there may be some 
mechanisms other than or in addition to vitrification that 
cause the non-equilibrium effect. One possible mechanism, 
which is called here grain boundary relaxation with 
relaxation time Tg,, is sketched in Figure 9. 

At high ~b v in Figure 8, the solution is space-filled with 
either lamellar (L-8 and HS-10) or cylindrical micro- 
domains (C-1 and HY-10). However, the microdomains 
do not have perfect orientation. They rather have a 'grain' 
structure in which the orientation of the domains is 
correlated and specified by a director n, which is a unit 
vector parallel to the direction normal to the interface 
of lamellar microdomains or cylindrical microdomains. 
The orientation of the grains is macroscopically random, 
and hence n is also random. The diagram in Figure 9 is 
simplified and as a consequence it looks as if there are 
grain-boundary walls where the mismatches of the 
microphases occur. However, in reality, the existence of 
such domain walls may be unfavoured as it causes excess 
interaction energy between PS and PI; rather, the domain 
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Figure 10 Number of block chains per single spherical microdomain 
N, as a function of ~bp. No~, (filled circles) were estimated from D, using 
equations (16) and (17), b.c.c, lattice being assumed. The scaling law 
given by N , ~  q~ is for systems that attain thermal equilibrium, and 
that given by N ~ b  ° is for systems that cannot attain thermal 
equilibrium 

orientation changes more or less continuously around 
the disclinations in a manner reminiscent to the texture 
of nematic liquid crystals• 

The increasing segregation power with increasing ~p 
causes expansion of the grain parallel to n and contraction 
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Ordered structure in block polymer solutions. 6: K. Mori e t  a l .  

parallel t o / ,  the unit vector  parallel to  the interface as 
shown by the ar rows in Figure 9. The deformat ion of  the 
grains driven by fundamenta l  molecular  rearrangements  
as shown in Figure 7 canno t  occur  independently of  one 
another  but  should occur  cooperat ively with other  grains 
with a characteristic time ~gr. If  the timescale of  obser- 
vat ions on N/S or  D (%b,) is shorter  than zsr, the 
grain-boundary relaxation time, the non-equi l ibr ium effect 
will set in even at ~b_<~br. 

Therefore, we conclude that  if ~ob,<zg,, the non-  
equilibrium effect is control led by the g ra in -boundary  
effect; but  if %b, > Z g ,  it is controlled by the vitrification 
effect. 

Non-equilibrium process for systems with 
discontinuous interfaces 

The number  of  block chains per single sphere, Ns, was 
determined f rom the experimental  results of  D s using the 
following equat ion 9: 

CNAa~/kM 
N, - (16) 

wC + (1 - C)/ds 

with w as defined below equat ion (13), where a c is the 
cell edge of  the cubic system and is related to D, by:  

a¢=~/k D, (17) 
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Figure 11 Sketch showing suppresmd mutual diffusivity of the A-B dibiock polymers forming spherical microdomains. 
(a) A possible molecular process causing domain growth. (b) AF and AE* are, respectively, the free-energy difference 
between smaller and larger spheres and the potential barrier for mutual diffusion, which causes domain growth. AE* ~ X e f f S ,  

where Zaf is the effective Flory interaction between A and B monomers in the presence of the solvent, which increases with 
increasing ~p, and N is the polymerization index for A-B block polymer. Note that for systems with continuous interfaces, 
such as lamellar and cylindrical domains, mutual diffusion takes place along the interface without involving the excess 
interaction AE* between A and B 
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where k is a constant related to the symmetry of the cubic 
system, i.e. k = l ,  2 and 3 for simple cubic (s.c.), 
body-centred cubic (b.c.c.) and face-centred cubic (f.c.c.) 
systems, respectively. The value ofN s thus estimated from 
Ds was defined a s  Nob  s in Figure 10, where the b.c.c. 
lattice 5 was assumed. The figure also includes the 
concentration dependences of Ns in the cases when the 
system attains thermal equilibrium (equation (12)) and 
when the system completely fails to attain thermal 
equilibrium, i.e. N s ,-~ ~b °. 

It is clear from Figure 10 that the non-equilibrium 
effect for spherical microdomains sets in at ~bp = ~bf-~ 0.3, a 
concentration much lower than those for lamellar and 
cylindrical microdomains. The solution with q~p=0.27 
was found to follow equilibrium closely from the 
experimental evidence that SAXS profile changed rever- 
sibly with temperature 5. Thus for spherical systems: 

~bf<< q~Gn < q~r s (18) 

where ~bGn is the concentration above which the non- 
equilibrium effect due to the grain-boundary deformation 
becomes important. 

The enhanced non-equilibrium effect in spherical 
microdomains is due to suppressed mutual diffusivity of 
block polymer chains at higher ~bp. If there is a 
thermodynamic driving force for the domain to grow, 
the average domain size grows from R1 to R2 as depicted 
in Figure 11. This growth, however, is inevitably accom- 
panied by mutual diffusion of the block chain A-B in the 
matrix of B-rich solution according to the following 
stochastic path: evaporation of an A-B block chain from 
a spherical domain, translational diffusion of this A-B 
chain in the B-rich matrix over a distance, and conden- 
sation of the A-B chain into the same or another spherical 
domain. This mutual diffusion causes a penalty of 
unfavourable energetic interaction AE* between A and B 
in the presence of commonly good solvent. This AE* is 
an energetic barrier for mutual diffusion and hence 
domain growth, and is an increasing function of ~bp as: 

AE* ,-~ )~effN (19)  

and as the effective interaction Xeff between A and B 
monomers in the presence of the solvent increases with 
increasing ~b v. In the mean-field approximation: 

Xeff = Z(/~p (20) 

where Z is the bare interaction between A and B 
monomers. In (19), N is the degree of polymerization of 

A-B block polymer. When ~bp is increased, AE* is hardly 
overcome by the thermal energy kBT. Then the mutual 
diffusivity goes essentially to zero due to the thermo- 
dynamic factor, as discussed above. 

Domain growth occurs as a consequence of mutual 
diffusion through the following molecular mechanisms: 
(i) the dissociation of A-B block chains from spheres with 
size R1 and reassociation of these chains into spheres 
with size R2 after mutual diffusion as shown in Figure 11a 
and discussed above, and (ii) the diffusion-coalescence 
of the smaller spheres into bigger spheres. The latter 
process (ii) involves the translational diffusion of the 
centre of mass of the spheres through the dissociation of 
A-B block chains from given spheres and reassociation 
of these chains in the same spheres after translational 
diffusion over a certain distance. As a result of such 
stochastic diffusion of the spheres, some spheres come 
sufficiently close to each other and coalescence into bigger 
spheres if they overcome the potential barrier exerted 
by the entropic repulsion of B-block chains emanating 
from the spheres. 
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